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losartan; fibrosis; volumetric muscle loss; regeneration SKELETAL MUSCLE INJURIES ARE among the most common and frequently disabling injuries sustained by civilians and soldiers (16, 20, 35) . Volumetric muscle loss (VML), defined as the traumatic or surgical loss of skeletal muscle with resultant functional impairment, often results from battlefield injuries and has limited treatment options and high morbidity (14, 26, 55) . Although skeletal muscle has a remarkable regenerative capacity in cases of physical trauma involving minimal loss of tissue, a traumatic muscle injury (e.g., VML resulting in 20% or higher muscle loss) is well beyond the inherent capacity for self-repair and regeneration. Such injuries heal with extensive fibrosis, a chronic overgrowth of the extracellular matrix (ECM) (13, 14, 42, 55) . Lieber and Ward (38) defined skeletal muscle fibrosis as "an abnormal and unresolvable, chronic increase in extracellular connective tissue that interferes with function." Besides loss of function, fibrosis also alters the tissue environment and increases susceptibility to reinjury (9, 30, 42) . This has led researchers to investigate agents aimed at reducing fibrosis following injury.
Although several growth factors, such as epidermal growth factor or fibroblast growth factor, released from neutrophils, macrophages, fibroblasts, and myogenic precursors, can promote fibrosis, the most profibrogenic growth factor identified in the literature is transforming growth factor-␤1 (TGF-␤1) (6, 40, 46 -48) . It is the most dominant regulator of the quantity and composition of ECM deposition after injury in multiple tissues and organs. TGF-␤1 is known to promote fibrosis by several mechanisms, such as altering the balance between ECM synthesis and degradation, inducing the expression of other profibrogenic factors, such as connective tissue growth factor (CTGF) and vimentin, and increasing its own overexpression through autocrine signals. In addition, it also has broad-ranging effects on cell growth, differentiation, and immune modulation (53) .
Several agents that inhibit TGF-␤1 have emerged as antifibrotic therapies (11, 18, 23, 25, 31) . Losartan is a Food and Drug Administration (FDA)-approved antihypertensive medication that inhibits angiotensin II type 1 receptor (AT1) activation and thereby blocks TGF-␤1 (8, 10, 12, 24) and CTGF (7, 24) activity. In injured skeletal muscle, angiotensin II can be produced by myofibroblasts and macrophages at the site of injury (3) and is known to have profound effects on TGF-␤1 secretion, activation, and signaling (58) . The activity of the AT1 receptor is also reportedly high at the injury site and colocalizes with areas of fibrous scar deposition (2) . Activation of the AT1 receptor by angiotensin II activates TGF-␤1 signaling molecules (such as SMAD proteins) and also produces thrombospondin-1, which is a key regulator of latent TGF-␤1 activation. Losartan inhibits AT1 activation and thereby blocks TGF-␤1 activation and signaling (10) . Losartan has been successfully used to reduce fibrosis and improve regeneration and function in several models of endogenously healing skeletal muscle injuries, such as contusion (33) and laceration (2) . The antifibrotic effect of losartan has also been effectively combined with other regenerative therapies, such adiposederived stem cells and platelet-rich plasma, to improve skeletal muscle healing (43, 49) .
The efficacy of losartan has not yet been tested in a VML injury model. VML injury involves a substantial loss of muscle tissue that does not regenerate by endogenous mechanisms and results in extensive fibrosis (14, 55) . TGF-␤1 gene expression in nonrepaired VML injured muscle is upregulated by 2 wk postinjury and remains elevated for several months thereafter, the chronic activity of which is believed to be primarily responsible for the development of fibrosis and impairment of myogenesis (13) . Hence, preventing fibrosis development and enhancing regeneration in a VML model presents a significant opportunity to improve healing outcomes. Therefore, the major objective of this study was to determine the effect of losartan treatment on muscle regeneration and fibrosis development after VML injury in the rat tibialis anterior (TA) muscle.
METHODS

Experimental Design
Male Lewis rats with VML were provided access to drinking water with or without losartan potassium powder (Santa Cruz Biotechnology) at 2.5, 10, or 30 mg·kg Ϫ1 ·day Ϫ1 from 3 days postinjury for 7 days to determine the dose of losartan that was most effective at reducing fibrotic marker expression. Thereafter, the chosen dose of losartan (10 mg·kg Ϫ1 ·day Ϫ1 ) was administered from 3 days postinjury and continued to 14 days [losartan short-term (Los-ST)] or 28 days postinjury [losartan long-term (Los-LT)] (Fig. 1) . Losartan treatment was started on day 3 postinjury based on the results reported by Kobayashi and coworkers (33) . This study showed that administration of losartan immediately after injury does not result in significant improvements in muscle regeneration or function. The authors proposed that administration of losartan immediately after injury would significantly interfere with the initial and crucial stages of wound healing (preinflammation). In addition, losartan administration immediately after injury could also impact the initial provisional ECM that is essential for cellular activity at the defect site. Since TGF-␤1 activity is reported to be the greatest during the acute phases of muscle injury (27, 37) , we hypothesized that blocking TGF-␤1 during the early phases of muscle repair by Los-ST administration would slow or delay the progression of fibrosis without interfering with the late phases of muscle remodeling. Losartan was also administered long term to block TGF-␤1 during both the early and the late phases of muscle repair after injury, to prevent any relapsing effects of TGF-␤1 due to its chronic upregulation in VML injury (13) . Rats from each treatment group were recovered out to 7, 14, 28, or 56 days postinjury. At these times, TA muscles were collected for histological and molecular analyses. At 28 and 56 days only, rats underwent in situ mechanical functional testing of the TA muscle before tissue harvest.
Animals
This work has been conducted in compliance with the Animal Welfare Act, the implementing Animal Welfare Regulations, and in accordance with the principles of the Guide for the Care and Use of Laboratory Animals. All animal procedures were approved by the United States Army Institute of Surgical Research Institutional Animal Care and Use Committee. Adult male Lewis rats (Harlan Laboratories, Indianapolis, IN) were housed in a vivarium accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International and provided with food and water ad libitum. The body weights of animals are listed in Table 2 .
Surgical Creation and Treatment of VML Injury
A lateral incision was made through the skin to reveal the TA muscle. The skin was separated from the fascia by blunt dissection.
The fascia was dissected away from the muscle. The skin and fascia were reflected from the anterior surface of the TA muscle. The TA muscle and underlying extensor digitorum longus muscle was separated using blunt dissection. A metal plate was inserted between the muscles, and a 6-mm punch biopsy was performed through the TA muscle. The biopsy was removed, weighed, and measured (see Table  2 ). Bleeding was controlled with light pressure. The wound was closed by suturing the fascia with simple interrupted sutures (6-0 Vicryl), and the skin incision was closed with simple interrupted sutures using Prolene or skin staples.
In Situ TA Muscle Functional Testing
Rats were anesthetized, and the TA muscle, its tendon, and its nerve supply were surgically isolated in situ, as previously described (54, 56) . The rectal temperature was monitored throughout the procedure, and body temperature was maintained with a water-heated surgical bed. The transected common peroneal nerve was stimulated via a nerve cuff electrode using a pulse stimulator. The distal tendon of the TA was isolated and cut. The distal one-third of the TA was dissected free from the surrounding musculature, leaving the origin and neurovascular pedicle intact. The distal tendon was threaded through a hole in the lever arm of a dual-mode servo muscle lever system (Aurora Scientific, Mod. 309b) and secured with silk suture (3-0 or 4-0). The lower leg was secured and stabilized with pins at the knee and ankle joints. The temperature of the peroneus longus muscle was monitored with a needle thermistor and acted as a surrogate for the TA and maintained at 35 Ϯ 1°C. Isometric forces were determined at 150 Hz.
Histological and Immunohistochemistry Analysis
TA muscles were embedded in a talcum-based gel and frozen in 2-methylbutane (Fisher Scientific) super-cooled in liquid nitrogen using standard methodology reported previously (15) . Frozen cross sections (8 m) were cut from the middle one-third of the TA muscle in the area where the original surgical defect was made. Immunofluorescence stained tissue sections were probed for collagen I (1:500, Millipore AB755P), sarcomeric myosin (MF20: 1:10, Hybridoma Bank), and nuclei (DAPI; 1:100, Invitrogen). Corresponding Alexaflour 488 and 596 labeled secondary antibodies (1:200 to 1:500, Invitrogen) were incubated at room temperature for 1 h. Muscle sections were also stained with hematoxylin and eosin and Oil Red O. Qualitative assessments of immunostained sections were made by observing three sections from n ϭ 3-4 muscles per time point per group.
Quantitative RT-PCR
RNA was isolated from snap-frozen cross sections of TA muscle that was composed of the defect area and the remaining muscle mass (50 -100 mg). RNA was extracted using Trizol LS reagent (Invitrogen) and purified using RNeasy mini kit (Qiagen) and purified with DNase I (Qiagen) digestion. The yield of RNA was quantified using a NanoDrop spectrometer (NanoDrop Technologies) and optical den- sity 260-to-280-nm ratios were determined. RNA (500 ng) was reverse transcribed into cDNA using the Super-Script III first-strand synthesis kit (Invitrogen). The primer sets used in the study are listed in Table 1 . All primer sets have been synthesized by Sigma-Aldrich DNA Oligo design tool. The technical data for each primer set from the Sigma-Aldrich Oligo design tool showed no primer-dimer formation for any of the primer sets used in this study. Aliquots (2 l) of cDNA were amplified with 200 nM forward/reverse primers, SYBR GreenER (Invitrogen) in triplicate using a Bio-Rad CFX96 thermal cycler system (Bio-Rad). Nontemplate control and no reverse transcriptase controls were run for each reaction. Gene expression was normalized to 18S (housekeeping gene) to determine the ⌬CT value. Expression levels for each mRNA transcript were determined by the 2 Ϫ⌬⌬CT method by normalizing each group to the contralateral control group (n ϭ 3-6 per group). Melt-curve analysis was used to detect and eliminate any nonspecific amplification.
Western Blot
The soluble protein fraction of cross sections that comprised the defect area and remaining muscle mass of TA muscles was extracted as described previously (n ϭ 4 -6 per group) (13) . Protein concentrations were determined with the Pierce BCA protein assay kit (Thermo Scientific). Proteins were resolved by SDS-PAGE using total protein from tissue homogenates (20 g, collagen I and III) on 4 -20% Tris-glycine gels (Bio-Rad). Transfer was made onto nitrocellulose membranes subsequently blocked for 1 h at room temperature in Tris-buffered saline containing 0.05% (vol/vol) Tween 20 (TBST) and 5% (wt/vol) nonfat dried milk. Membranes were then incubated overnight at 4°C in TBST containing 5% (wt/vol) bovine serum albumin and primary antibody for collagen type I or III (Abcam) diluted 1:1,000. Membranes were rinsed six times in TBST and then incubated at room temperature for 1 h in TBST and 5% milk containing peroxidase-conjugated goat anti-rabbit secondary antibody diluted 1:2,000. Membranes were rinsed six times in TBST before exposure to ECL Reagents (Invitrogen). The membranes were then imaged using the Odyssey Fc system (LI-COR Biosciences).
Statistical Analysis
Dependent variables were analyzed using t-tests, one-and two-way ANOVAs. A post hoc means comparison testing (e.g., Dunnett's, Tukey's, Newman-Keuls', or Bonferroni's) was performed when a significant ANOVA was observed. Alpha was set at 0.05. Values are listed as means Ϯ SE. Statistical testing was performed with Prism 5 for Windows (Graphpad, La Jolla, CA).
RESULTS
Losartan Dose Response
To determine the dose of losartan that was most effective at reducing fibrotic marker expression, we tested a range of losartan dosages (2.5, 10, and 30 mg·kg Ϫ1 ·day Ϫ1 ), administered 3 days postinjury in drinking water. The rats were euthanized, and TA muscles were harvested on day 7 postinjury. The water consumption of the rats was monitored daily. No differences between the consumption of drinking water (vehicle) or losartan was noted ( Fig. 2A) . The gene expression analysis revealed that losartan at 10 mg·kg Ϫ1 ·day Ϫ1 was most effective at reducing fibrotic markers such as TGF-␤1 and CTGF (Fig. 2, B and E). All tested dosages led to a significant reduction in collagen I and III expression (Fig. 2, C and D) . No statistical differences were noted in vimentin expression (Fig.  2F) . Therefore, 10 mg·kg Ϫ1 ·day Ϫ1 dosage of losartan was chosen as the most effective at reducing profibrotic gene expression and was used for all of the subsequent experiments in the study.
Early Response After VML Injury (7 and 14 Days Post)
Losartan (10 mg·kg Ϫ1 ·day Ϫ1 ) was administered from 3 days postinjury and continued to 14 days (Los-ST). At days 7 and 14, TA muscle was harvested for histological and molecular analyses.
Histological analysis. At days 7 and 14 postinjury, qualitative immunohistological analyses were performed at the site of the defect (Figs. 3 and 4) . Little to no evidence of muscle fiber regeneration marked by the absence of myosin ϩ fibers was seen in either vehicle or losartan-treated groups. Connective tissue (collagen 1 ϩ and laminin ϩ ) and inflammatory cells (CD68 ϩ macrophages) were observed in the defect site. Gene expression. Expression of genes involved in the early response after VML injury was characterized from the cross sections of muscle composed of both the defect area and the remaining muscle mass at 7 and 14 days postinjury. Losartan treatment led to a significant reduction in fibrotic markers, such as collagen I and III at 7 days postinjury (Fig. 2, C and D) , but failed to maintain this effect by day 14 postinjury (Fig. 3, F and  G) . The gene expression of TGF-␤1 (Fig. 3E) , CTGF (Fig.  3H) , and vimentin ( Fig. 3I) was not reduced by losartan treatment at day 14. The expression of myogenic markers, such as Pax7 (Fig. 4E) and myogenin (Fig. 4F) , was higher in the losartan-treated group at day 14. However, little to no myogenesis was observed histologically, indicating that the myogenic events are likely occurring in the remaining muscle mass around the defect. The expression of inflammatory markers, such as CCR7 (an M1-like marker) and CD163 (an M2-like marker), was upregulated at both days 7 and 14 postinjury. However, no significant differences between the groups were CCR7  5=-GCTCTCCTGGTCATTTTCCA-3=  5=-AAGCACACCGACTCATACAGG-3=  107  CD163  5=-TCATTTCGAAGAAGCCCAAG-3=  5=-CTCCGTGTTTCACTTCCACA-3=  101  Collagen I  5=-GACCAATGGGACCAGTCAGA-3=  5=-CTGGTGAACGTGGTGCAG-3=  123  Collagen III  5=-GGGCTTAGAGGTGGAGCTG-3=  5=-ATCCCTTGCAGACCAGGAG-3=  104  CTGF  5=-CAAGCAGCTGGGAGAACTG-3=  5=-ACAGGGTGCACCATCTTTG-3=  127  Myogenin  5=-CTACAGGCCTTGCTCAGCTC-3=  5=-GTTGGGACCAAACTCCAGTG-3=  153  Pax7  5=-GCAGTCGGACCACATTCAC-3=  5=-CGCACGACGGTTACTGAAC-3=  155  TGF-␤1  5 =-GTCAGACATTCGGGAAGCA-3=  5=-CCAAGGTAACGCCAGGAAT-3=  138  Vimentin  5=-TCAAACGAATACCGGAGACA-3=  5=-CGAGCCATCTCTTCCTTCAT-3=  188  18S  5=-GGCCCGAAGCGTTTACTT-3=  5=-ACCTCTAGCGGCGCAATAC-3=  173 CTGF, connective tissue growth factor; TGF-␤1, transforming growth factor-␤1.
noted (Fig. 4 , K and L), indicating that losartan is unable to modulate the innate immune response at day 14 postinjury. In addition, the expression of CCR7 was approximately twofold higher than the expression of CD163 in all groups at day 14, indicating a greater presence of proinflammatory markers in the injured muscle.
Prolonged Response After VML Injury (28 Days Post)
Losartan (10 mg·kg Ϫ1 ·day Ϫ1 ) was administered from 3 days postinjury and continued to 14 (Los-ST) or 28 (Los-LT) days postinjury. At day 28, muscle function testing was performed before tissue harvest for histological and molecular analyses.
Histological analysis. Representative TA muscle cross sections from vehicle-, Los-ST-, or Los-LT-treated groups are presented in Fig. 5, A-I. Immunohistological observations of the defect area at 28 days postinjury indicated on-going remodeling events. Collagen I was still present in the defect area and was observed radiating into the remaining muscle mass (Fig. 5, A-C) . Centrally located nuclei were observed in the majority of myofibers in all groups. The defect area also showed the presence of inflammatory cell infiltrates (Fig. 5,  D-F) . Some adipocytes (Fig. 5, G-I) were also detected in the defect area by Oil Red O staining, but little to no muscle fiber regeneration was observed.
Gene expression. The effect of Los-ST and Los-LT treatment on fibrosis after VML injury was analyzed using the gene and protein expression of fibrotic markers. The gene expression of all fibrotic markers was elevated at day 28 postinjury in the vehicle-treated muscles, indicating that VML results in chronic injury with continued fibrosis (Fig. 5, J-N) . The gene expression of TGF-␤1 and CTGF was significantly higher in the Los-ST-treated muscles compared with the vehicle and Los-LT-treated muscles. The gene expression of collagen I and III and vimentin was not found to be statistically different between the groups.
Muscle weight and functional analysis. There were no differences in uninjured TA muscle weights among the groups. VML-injured TA muscles were significantly (ϳ20%) lower in weight compared with the contralateral controls 28 days postinjury ( Table 2 ), indicating that the mass of TA excised at the time of injury was not recovered 28 days postinjury. The peak isometric force of the VML injured muscles is shown in Fig. 6 , C and D. All VML-injured muscles, regardless of group, showed significant deficits in force production compared with the uninjured contralateral muscles. The vehicle and Los-ST-treated muscles exhibited ϳ30% deficit in force compared with the uninjured muscles. The Los-LT-treated muscles showed ϳ47% deficit (Fig. 6C) , which was a significantly greater deficit in force Ϫ1 dose of losartan proved to be the most effective at reducing fibrotic marker expression at day 7 postinjury. Values are means Ϯ SE (n ϭ 3-4). *Statistical significance with the vehicle group using Dunnett's multiple-comparison test for a significant one-way ANOVA, P Ͻ 0.05. compared with both the vehicle and the Los-ST treatment. These results indicate that the Los-LT treatment has exacerbated the functional deficit in VML injured muscles.
Protein content. The protein levels of collagen I and III are shown in Fig. 6, A and B . The protein level of collagen type I was significantly elevated in the vehicle and Los-ST-treated groups compared with the contralateral control muscles. The Los-LT treatment significantly reduced the content of native collagen type I compared with the vehicle-treated TA muscles. The protein expression of collagen type III was significantly elevated in vehicle-, Los-ST-, and the Los-LT-treated groups compared with the contralateral control TA muscles. The collagen III protein levels were not modulated by Los-LT treatment. Losartan has been known to stimulate collagenase activity (52) and inhibit the posttranscriptional synthesis of collagen type I (51), which could potentially explain the differences observed between the gene and protein expression of collagen type I and III.
The correlation between the peak isometric force and the collagen type I content was investigated (Fig. 6E) . A positive significant correlation (Pearson r ϭ 0.5706, r 2 ϭ 0.3256, P ϭ 0.03) was found between the two experimental measurements, suggesting that up to 33% of the effect on muscle function is partly explained by the collagen type I content of the muscle. A significant correlation was not observed between peak isometric force and collagen type III protein content (data not shown).
Prolonged Response After VML Injury (56 Days Post)
Losartan (10 mg·kg Ϫ1 ·day Ϫ1 ) was administered from 3 days postinjury and continued to 14 days (Los-ST). The Los-LT treatment was not used for the 56-day time point since it resulted in significant deficits in force at 28 days postinjury compared with the vehicle-treated muscles, indicating that the Los-LT treatment regimen is adversely affecting the muscles by hindering the functional recovery after VML injury. The animals in this 56-day postinjury group only received the Los-ST treatment regimen for 14 days. At day 56, muscle function testing was performed before tissue harvest for histological and molecular analyses.
Histological analysis. Representative TA muscle cross sections from vehicle-treated and Los-ST-treated groups are presented in Fig. 7, A-D . The qualitative histological analysis showed ongoing remodeling events at day 56 postinjury, marked by the presence of myofibers with centrally located nuclei. The defect area appeared smaller, and the inflammatory reaction seemed subsided compared with 28 days postinjury. The presence of collagen type I was still observed in the defect area. Little to no muscle fiber regeneration was observed.
Muscle weights and functional analysis. There were no differences in TA muscle weights among the groups. VMLinjured TA muscles were significantly (ϳ17%) lower in weight at 56 days postinjury compared with the contralateral controls ( Table 2 ), indicating that the mass of TA excised at the time of injury was only partially recovered 56 days postinjury. Muscle function testing revealed that the injured muscles, regardless of treatment (vehicle or Los-ST), still exhibited a significant deficit in peak isometric force compared with the uninjured muscles (Fig. 7, E and F) . Vehicle and Los-ST treatment resulted in ϳ23 and ϳ27% deficit in force production, respectively. However, no differences between the vehicle and the Los-ST treatment were noted, indicating that Los-ST treatment is ineffective at improving muscle regeneration or function.
DISCUSSION
It is believed that the development of fibrosis hinders muscle regeneration, and slowing the progression of fibrosis is the key to enhancing muscle regeneration and function (35, 36, 45) . The administration of antifibrotic therapies in various models of skeletal muscle injuries has resulted in improvement in muscle regeneration with functional recovery (5, 11, 19, 45) . Notably, losartan, an FDA-approved angiotensin II inhibitor, was originally discovered as a therapeutic for cardiac fibrosis in hypertensive diseases (28, 39) , but has recently been found to prevent fibrosis in recoverable skeletal muscle injuries as well (e.g., laceration or contusion) (2, 5, 33) . Unlike recoverable skeletal muscle injuries in rodents and humans, VML injury is beyond the endogenous myogenic repair and regenerative capacity of mammalian skeletal muscle and presents intramuscular fibrosis and chronic muscle weakness (13, 14, 55) . In addition, TGF-␤1 activity is reported to be transient in recoverable muscle injuries due to cardiotoxin or laceration Values are means Ϯ SE; n, no. of animals. Los-ST, losartan short-term; Los-LT, losartan long-term; TA, tibialis anterior; CON, control; VML, volumetric muscle loss. *Statistically different from injured, P Ͻ 0.05. (12, 37) , whereas VML involves chronic upregulation of TGF-␤1 several months after injury (13) . Therefore, we tested the efficacy of losartan treatment in a rat VML injury model. Our study shows that, even after several weeks of recovery, VML injury results in little to no muscle regeneration and is marked by persistent inflammation, chronic upregulation of fibrotic markers, ECM and fat deposition at the defect site, and irrecoverable deficits in function. A Los-ST treatment regimen was ineffective at modulating any of the above-mentioned observations. Most importantly, a Los-LT treatment regimen was effective at reducing the deposition of collagen type I, but with deleterious effects on the recovery of muscle function.
The impact of losartan treatment on muscle function and fibrosis was assessed by measuring the peak isometric force and the protein content of collagen type I, respectively. Interestingly, the Los-LT treatment regimen resulted in a significant ) animals were harvested 28 days postinjury. Losartan treatment was continued for 14 days in the Los-ST group and for 28 days in the Los-LT group. The protein levels of the collagen I (A) and collagen III (B) were assayed by Western blot (n ϭ 4 -6). Statistical significance from *contralateral controls (Con) and from ⌿ vehicle using one-way ANOVA, P Ͻ 0.05. The absolute peak isometric force (C) and the peak isometric force normalized to muscle weight (D) are shown (n ϭ 7-9). *All injured muscles showed a significant deficit in force compared with the uninjured contralateral Con, and the Los-LT treatment also resulted in a significant reduction in force compared with vehicle and Los-ST treatment, P Ͻ 0.05, using oneway ANOVA and Newman-Keuls multiple-comparison test. Values are means Ϯ SE. E: Pearson correlation between collagen type I and peak isometric force was found to be positive and significant.
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Losartan Treatment for Volumetric Muscle Loss Injury • Garg K et al. decrease in the protein content of collagen type I (Fig. 6A) , but with deleterious effects on force production (Fig. 6C) , compared with the vehicle-treated muscles. In contrast, both the vehicle and Los-ST-treated muscles did not present any differences in either force production or collagen content. Collagen type I is the main fibrillar collagen in the muscle ECM. Deposition of ECM or collagen type I after skeletal muscle injury serves as a scaffold for the invading cells and the ruptured myofibers (22, 32) . In addition, it also provides a physical means for lateral force transmission between the myofibers in the muscle. Thus the mechanism for the greater reduction in force in the Los-LT treatment may be due to the reduction of collagen type I protein content. This contention is partly supported by a significant positive correlation between the collagen type I content and the peak isometric force (Fig.  6E) , which further suggests that the deficits in force production are at least ϳ33% related to the decreased collagen type I content. Recent work has also suggested a link between fibrosis development and force transduction in skeletal muscle. Meyer and Lieber (41) have suggested that the development of skeletal muscle fibrosis in response to desmin deletion is a compensatory mechanism that protects muscle fiber from injury due to excessive strains. In support, our laboratory has previously demonstrated that deposition of a large fibrotic mass in the VML defect area resulted in the recovery of one-third of the original functional deficit by 2 mo postinjury (14) . In another study, Gumucio et al. (27) demonstrated that inhibition of TGF-␤ using a bio-neutralizing antibody initially improved force production following eccentric contraction injury; however, it ultimately led to long-term force deficit due to a disrupted and disorganized ECM. In light of our observations and these recent studies, we conclude that inhibition of ECM deposition (or fibrosis) can be detrimental to muscle function.
To understand the effect of losartan treatment on fibrosis development after VML injury, gene expression of profibrotic markers, including TGF-␤1, was quantified from days 7-28 postinjury. It was observed that the Los-ST treatment significantly reduced the gene expression of fibrotic markers such as TGF-␤1 by day 7, but failed to maintain this effect by day 14 (Fig. 3E) . This finding could be explained by the redundancy in molecular participants that upregulate TGF-␤1, as reported previously (4, 6, 44, 57) . When losartan treatment was discontinued in the Los-ST treatment group at day 14, the gene expression of the fibrotic markers increased even further, as indicated by the ϳ10-fold increase in TGF-␤1 expression at day 28 (Fig. 5J) , suggesting a rebound effect. Continuous administration of losartan for the full 28 days in the Los-LT treatment group was able to significantly reduce the gene expression of TGF-␤1 compared with the Los-ST treatment group. Collectively, these data indicate that the Los-LT treatment regimen was more effective than the Los-ST treatment regimen at reducing the profibrotic gene expression in a VML injury model, albeit with potentially deleterious consequences.
Losartan has previously been effective at improving regeneration in several models of skeletal muscle injuries (1, 9, 11, 14) . Consistent with these findings, gene expression of myogenic markers such as pax7 and myogenin was higher in the losartan-treated group 14 days after VML injury (Fig. 4, E and  F) . However, histologically, little to no myosin-positive fibers were identified in the defect area (Fig. 3, A-D) , indicating that the myogenic gene expression was localized to regenerating fibers in the remaining muscle mass and not indicative of de novo fiber regeneration in the defect. Beyond 14 days postinjury, little to no evidence of myogenesis in the defect area was observed histologically, and, as a result, functional deficits persisted 28 and 56 days postinjury (Fig. 6, C and D, and Fig.  7, E and F) . Instead of muscle fiber regeneration, ECM deposition occurred within the defect area. While gene expression of collagens I and III was elevated following VML, regardless of treatment (Fig. 5, K and L) , only protein expression indicated attenuated collagen I content with Los-LT treatment (Fig.  6A) . Since losartan can inhibit the posttranscriptional synthesis of collagen type I (15) and stimulate collagenase activity (16), the compound may impact both synthesis and degradation of collagen and, therefore, may explain discrepancies between gene and protein expression. Nevertheless, the protein content of collagen type I significantly correlates with the muscle function, as indicated in Fig. 6E . We would like to highlight that, in the absence of myogenesis in this VML model, fibrosis development is a positive adaptation of the injured muscle. The fibrotic scar bridges the area of the defect and likely facilitates force transmission to some extent. Losartan treatment inhibits fibrosis and does not improve regeneration and, therefore, has deleterious effects on force transmission and muscle function. This study examined the efficacy of losartan administration in nonrepaired VML-injured muscles because there is no current clinical standard of care for VML injuries. Future studies would include testing antifibrotic agents, such as losartan, in combination with regenerative agents. Combining losartan with a regenerative therapy might prove more effective at decreasing the pace of fibrosis development by simultaneously accelerating muscle regeneration in a VML-injured muscle. In addition, the development of antifibrotic therapies for delayed treatment (approximately months after injury) is essential in a VML model, as it would be more clinically relevant for war-wounded service members. It is also important to consider that TGF-␤1 is a multifunctional growth factor with broad spectrum roles in immunomodulation and wound healing (1,  17, 21, 34) . TGF-␤1 knockout animal models have shown defects in bone development (21) , hematopoiesis (17) , platelet aggregation (29) , and immune modulation (34) . Therefore, systemic attenuation of TGF-␤1 activity (as a therapy) could impact multiple organs and prove highly detrimental in polytraumatized patients in a clinical setting.
In conclusion, we propose that, in the absence of regeneration, the development of fibrosis in VML-injured muscles is a protective mechanism that lessens prolonged muscle damage by providing mechanical stability and a means for force transduction. Based on the results of this study, it can be presumed that the inhibition of fibrosis by losartan in a more severe VML (with 40 -60% muscle mass excision) would have deleterious consequences on the overall muscle structure and function. We reason that development of fibrosis is an adaptive tissue response to injury that is evolutionarily conserved. Natural selection appears to have favored the development of fibrosis around traumatic or infectious injuries to 1) limit the bleeding and the spread of pathogens or microorganisms to other tissues and organs (50); 2) partially restore functional use of the limb (14) ; and 3) bridge the area of defect to protect the remaining muscle mass from damage and reinjury (14) . Hence, while the specific effects of TGF-␤1 and ECM deposition may appear detrimental to muscle regeneration, as a whole these are protective mechanisms that attempt to restore muscle function after chronic injuries.
